This paper presents a thermodynamic study carried out on the use of low-temperature heat sources for power generation through a subcritical Rankine cycle with organic working fluids. An analysis of the state of the art of this technology shows the selection of the working fluid as an open research line, since until now there is no fluid that can meet all environmental and technical aspects to be considered in these cycles. Hence, we have developed a series of simulations that allow us to study the behavior of the Rankine cycle with different configurations and fluids (wet, dry and isentropic) which has led us to observe the influence on the overall cycle efficiency when we change the type of fluids used (refrigerants, hydrocarbons and water) as well as the conditions of temperature, pressure, flow, etc. With the work realized, the viability of this type of processes is demonstrated for the recovery of heat in industry and/or the use of renewable sources of low and medium temperature for the production of electricity.
Introduction
There is no doubt that the implementation of projects based on non-conventional technologies for environmentfriendly energy generation, and with occupational health and safety criteria are essential to ensure social equity and to facilitate economic activities related to the public service of energy off-grid areas, mainly in underdeveloped countries where majority of the territory corresponds to isolated areas with high levels of poverty and without any opportunities for socio-economic development, which is caused, among others, by the lack of an adequate energy supply. The use of fossil fuels (e.g., oil and coal) as an energy source has many negative environmental impacts, such as the release of pollutants and resource depletion. A high consumption rate of fossil-fuels will result in an increase of environmental pollution during the next century, due to the emission of CO2 and other gases that cause global warming through what is known as the greenhouse effect [1] . These problems encourage efforts to develop new technologies that transform renewable energy sources such as solar, biomass, geothermal, as well as the use of waste and/or low-enthalpy heat now discharged in the industry (which represents a 50% or more of the heat generated therein) into electric and/or mechanical energy [2] . However, given that the traditional Rankine cycle does not present a good performance to recover or use low temperature heat, it is necessary to analyze other processes such as the Organic Rankine Cycle (ORC), which allows to leverage different sources of low temperature to power output as was proposed by [2] [3] [4] [5] [6] and many other authors. In this sense, the ORC is a promising process for the conversion of these low and medium temperature heat sources from renewable energy and waste heat from industry into electricity [7] [8] [9] [10] . The ORC process works like a conventional steam Rankine cycle, with the difference that the former uses an organic compound of low boiling point as the working fluid (refrigerant and hydrocarbon) instead of water vapor, thereby reducing the evaporation temperature. In recent years, commercial applications of this technology, with power ranges from 200-2000 kWe, have increased sharply worldwide. ORMAT, Barber-Nichols, UTC Power, Turboden, etc, are some of the companies that have developed plants for using geothermal energy, waste heat in industry, biomass, etc.
However, lower power modules are in a prototype stage due to lack of appropriate equipment (mainly the turbine) and the difficulty in selecting a suitable working fluid [3] . The latter characteristic has great influence on the design and behavior of the process [6] , because the fluid must have optimal thermodynamic properties at low temperatures and pressures and also satisfy many criteria such as being economical, nontoxic, nonflammable, environmentally friendly, and allow high utilization of the available energy from the heat source, etc; all depending on the application, the source and the heat level to use. If all these aspects are considered, very few fluids can be used [3, 11] . In [11] , it is shown that these working fluid properties are keys in the performance cycle. In addition, the low temperatures that take advantage of the ORC cause that the efficiency of the cycle is highly sensitive to inefficiencies in heat transfer, which depends strongly on the thermodynamic properties of the fluid and the conditions to which it is operating. A study of 68 potential working fluids conducted in [12] in 1985, gave the best results only for three of them (R11, R113 and R114) which are nowadays not recommended by global environmental conservation policies [13] . In [2] , ORC efficiency was analyzed using azeotropic mixtures of 85-fluorinol, 2-methyl pyridine/water and substances such as benzene, ammonia, R134a, R113, R11 and R12, achieving greater efficiencies for the last two, however, they are substances of limited use. Other researchers who have analyzed the characteristics and outcomes of different fluids for use in ORC systems are among others [4, [6] [7] [8] [9] [10] [11] [12] and [14] [15] [16] , of whose research can conclude that: R245fa and R134a as good candidates in subcritical cycles and CO2 in transcritical cycles for processes whose heat source is low temperature. Recent publications such as [17] have studied the behavior of R134a, R123, R227ea, R245fa, R290, and n-pentane from the point of view of energy production capacity and component size. They have shown the existence of an optimum pressure that minimizes the heat exchange area, which obviously depends on the source and the source temperature. In [11] , a review of thermodynamic properties, physical stability, environmental impact, safety, cost and availability of 35 possible fluids to be used in a Rankine cycle for the conversion of low temperature heat into electricity has been performed.
The present paper analyzes the behavior of working fluids, such as water and some hydrocarbons and refrigerants in a Rankine cycle in different configurations and conditions of temperature, pressure and flow, thus establishing the viability of this type of process in the recovery and/or utilization of low-temperature energy.
Nowadays, there is no a unique fluid that fulfills all aspects to be considered to use in ORC cycles. This study has selected R600, R600a, R113, R718, R425fa and Toluene, trying to encompass and take into account the optimal physical and thermodynamic properties, economic, toxicity, flammability, environmental friendly (with null Ozone Depletion Potential (ODP) and Global Warming Potential (GWP)). Of the fluids selected, R600a and R600 are hydrocarbons used as refrigerants with zero potential degradation of the ozone layer and very low global warming potential, however, they are highly flammable. Toluene is similar in its behavior, with the drawback of its toxicity. Refrigerant R113 is not flammable, nor toxic, but has high global warming potential and high destruction potential of the ozone layer. R245fa is a safe refrigerant, nonflammable, nontoxic, has zero ozone degradation potential, relatively high molecular weight, good thermophysical properties, but has a moderate potential for global warming. Finally, water (R718), as reference fluid to the being the working fluid in the conventional Rankine cycle.
Additionally, in this study the difference in the type of fluid has been considered and thus, the results obtained enable to determine whether the increase in the inlet temperature increases or decreases turbine cycle performance qualitatively but also, allows to know how this increases or decreases.
Description of the cycle
The operating principle of the ORC is the same as the conventional Rankine cycle. A pump pressurizes the liquid fluid, which is injected into an evaporator to produce a vapor that is expanded in a turbine connected to a generator. Finally, the steam is condensed and sucked by the pump, starting the cycle again. It may also include an internal heat exchanger (IHX) to further exploit the energy of the expanded steam, preheating the fluid exiting the pump and entering the evaporator, as is shown in Fig. 1 . Figure 2 represents the power cycle on a T-s diagram according to the state points displayed in the flow diagram of Fig. 1 . As an example, an ideal cycle process is shown by the segments constructed from state points 1, 2is, 3 and 4is. Line segment 1-2is represents an isentropic expansion with work production. Heat is extracted from 2is to 3, through a constant subcritical pressure line to subsequently result to ideal compression of the subcooled liquid from the pressure at state point 3 to state point 4is. Finally, the segment 4is-1 corresponds to the heat added to a constant subcritical pressure up to the highest temperature point in the cycle in the state point 1.
A cycle, in which both the expansion and the compression are not ideal, is reproduced by segments in points 1, 2, 3 and 4 of the same Fig. 2 . 
Selection of the working fluid
As mentioned previously, the selection of the working fluid for use in ORC cycles is a crucial point, because depending on the application, the source and the heat level to use, the fluid must have optimal thermodynamic properties at lowest temperatures and pressures and also satisfy several criteria such as being economical, nontoxic, nonflammable, environmentally friendly, allow a high utilization of the available energy from the heat source, among others [3] . This limits the list to only a few fluids when considering all restrictions.
Some of these limitations are [3] : Environmental: Some fluids are restricted by International Agreements depending on their Ozone Depletion Potential (ODP) defined and limited by Montreal Protocol or Global Warming Potential (GWP) by Kyoto Protocol, which, intend to prevent the destruction of the ozone layer and emission of gases that cause the greenhouse effect, respectively.
Security: The fluid must be non-toxic (because of the problems that can occur in the case of leaks in the atmosphere or in handling), non-corrosive (it obviously avoids major maintenance costs and/or installation damage) and non-flammable. For this, the standard security classification 34 of ASHRAE is often used as an indicator of the danger level of fluids.
Stability: The chemical stability of the used fluid limits the heat source temperature. When fluids are exposed to certain temperatures, they could decompose, producing substances which could cause a different cycle operation to that initially designed. Moreover, toxic and irritating compounds could induce health problems in case leaks occur.
Pressure: A fluid requiring high pressure to achieve an efficient process increases the cost of equipment due to the greater resistance required, increasing also the complexity of the plant.
Availability and low cost: A fluid of low availability and/or high cost limits its use in ORC plants for obvious reasons in the financial viability of the projects.
Latent heat and molecular weight: With higher molecular weight and the latent heat of the fluid, more energy from the heat source in the evaporator will be absorbed and, thus, reducing the size of the installation and use of the pump due to lower mass flow required.
Low freezing point: The freezing point of the fluid must be lower than the lowest temperature of the cycle.
Curve of saturation: The thermodynamic properties of the fluid imply that the slope of the saturation curve thereof is negative, vertical or positive, which markedly affecting the design and efficiency of the ORC. In Fig. 3 .a, b and c, a schematic diagram is shown of Temperature -Entropy (T-s) for fluids with a negative saturation curve (a), vertical (b) and positive (c), called wet, isentropic and dry, respectively. Since the objective of the ORC focuses on the use of heat of low and medium temperature, the overheating of steam as in a conventional Rankine cycle is not appropriate. Furthermore, as is seen in Fig. 3 .a, when a wet fluid is expanded without overheating (represented by the segment of points 1-2), it falls in the liquid/vapor zone causing damages to the expander and cycle inefficiencies. This happens, among other reasons, because of the phase shift.
Nevertheless, the contrary occurs with isentropic and dry fluids which, without any type of overheating, suffer expansion falling into the saturated vapor zone, Fig. 3 .b, and/or superheated, Fig. 3 .c, respectively, and thus, in the latter case, it could include an internal heat exchanger to the cycle which allows to use even more the energy from the expanded steam, preheating fluid from the pump to enter the evaporator, thereby increasing the efficiency of the cycle.
In summary, for an organic Rankine cycle, the ideal working fluid will be that whose saturated vapor line is parallel to the expansion of the turbine, ensuring maximum efficiency. In this case, turbine will be always working in the dry steam area. If both lines converge, the turbine would operate in the wet steam region. In order to avoid this, it should superheat the working fluid before the expansion. If, however, the lines mentioned above were divergent, the output fluid from the turbine would exit overheated. This would increase significantly the size of the condenser surface, an aspect that is related to the operating pressure. The major disadvantage of ORC is its relatively low efficiency (inherent to the thermodynamic constraints) and the relatively large sizes of heat exchangers equipment. 
Modelling of the process
In both cycles, the equations used for performance calculation assume steady state and constant efficiencies of 75% for both the pump and the turbine. In addition, there are no heat or pressure losses in the evaporator, heat exchanger or pipes, and an overall cycle efficiency (ɳ) is considered as:
Where, W  is the power, "t" refers the turbine, "p" to the pump and "e" evaporator. Hence:
m  is the mass flow, i h is the enthalpy in the state point "i".
Whereas e Q  is the heat input in the evaporator defined as:
or (4) Through the theoretical basis presented in the preceding sections and using the software HYSYS ® , a series of simulations has been developed that allows to study the behavior of the ORC with different configurations and fluids (as refrigerants, hydrocarbons and even water), thereby observing how the changes influence the overall cycle efficiency for these types of fluids used varying conditions of temperature, pressure, flow, etc.,. This simulator is useful for thermodynamic analysis, especially in steady-state conditions, and it has the advantage of including fluid properties and optimization tools. Its predictions have been compared with those of [19] and the results are very similar. The flow chart of the simulation is the same as it was presented in Fig. 1 , and the method to solve all the components is fully described in [7, 10] and [14] .
Results and discussions
The results obtained with the simulations for water, hydrocarbons R600, R600a, Toluene and refrigerants R113 and R245fa are shown in this section.
Working Fluids:
Water, R600, R600a, Toluene and R113
Influence of inlet temperature in the turbine on the overall cycle efficiency
The influence of inlet temperature to the turbine on the overall cycle efficiency is presented in Fig. 4 . Here, conditions of input and output pressure in the turbine and the fluid flow are kept constant for the five fluids analyzed and for the different simulations carried out with values of 20 bar, 2 bar and 2.8 kg/s, respectively. It is evident that the efficiency increases linearly with the inlet temperature to the turbine in the case of R718 (Water). Unlike this wet fluid, the dry fluids R600, R600a, R113 and Toluene showed a decrease of efficiency with the increase in inlet temperature to the turbine.
Thus, there is a big difference in the efficiencies obtained according to the type of fluid used, the highest efficiency obtained is for the case of R600a, followed by R600, R718, R113 and Toluene. It is also interesting to note that as Fig. 4 shows, the use of one fluid or another will depend on the heat source that is intended to be recovered, and the thermophysical properties of the fluid, since there are fluids which would obtain relatively high efficiencies at relatively low temperature ranges when compared to other fluids that are useful in other temperature ranges.
Influence of the working fluid flow on the overall
efficiency of the cycle Fig. 5 shows the influence of the working fluid flow on the efficiency of the cycle with the condensation pressure constant and equal (2 bar) for all the studied fluids, maintaining constant in addition the inlet pressure to the turbine at 20 bar for the five fluids analyzed and for all simulations realized whereas the rate of energy supplied to the evaporator is also constant for all simulations carried out but different for each fluid. Values achieved were 1500 kW, 1650 kW, 7778 kW, 795 kW and 2270 kW for the R600a, R 6 0 0 , R 7 1 8 , R 1 1 3 a n d T o l u e n e , r e s p e c t i v e l y . Thermodynamic properties of each fluid are different, therefore, for the same state point, different values of enthalpy, entropy, etc., could be obtained for two or more types of fluids. In addition, the molecular weight and the vaporization latent heat of a specific fluid, determines the amount of fluid flow (greater or smaller) that is required to have to a given power, compared to other fluid. In this sense, to make the flow values similar, i.e. to keep them in the same range, the input power to the evaporator was fixed, for the range of study. In Fig. 5 , it is observed that a slight influence exists of the working fluid on the overall efficiency of the cycle for the case of R600a, R600, R113 and Toluene, whereas for the R718, the effect is clear but opposite to that shown previously, i.e, a decrease of the cycle efficiency when the flow of R718 increases. 5.1.3. Influence of the input pressure to the turbine on the overall efficiency of the cycle.
Based on the results shown in Fig. 4 and Fig. 6 , the influence of the input pressure to the turbine on the overall efficiency of the cycle is analyzed, the fluid flow of 2.8 kg/s was held constant for the five fluids analyzed and for the different simulations, the rate of energy supplied to the evaporator is also constant for the different simulations but different for each fluid and whose values were 1500 kW, 1650 kW, 7778 kW, 795 kW and 2270 kW for R600a, R600, R718, R113 and Toluene, respectively. Fig. 6 shows that the system gains in efficiency with the increase of the input pressure to the turbine. Results are consistent for all the fluids utilized. Higher input pressures to the turbine raise the net work that leads to an improvement of the efficiency.
Although the efficiency of the system also increases when the pressure of the system rises, this increase of the pressure in the system is not always feasible for economic reasons since the capital costs for the waste heat of a boiler and piping systems, as well as the complexity of the system and the component selection of the materials must also be taken into account.
Working fluid: R245fa
As it was discussed in the introduction to this paper, the refrigerant R245fa is a very promising working fluid for using in low temperature ORC because it meets many of the aspects to be considered in these applications. The R245fa fluid is a safe refrigerant (nonflammable, nontoxic), has a potential ozone degradation of zero, relatively high molecular weight, good thermophysical properties (critical temperature and pressure, boiling point, etc.), has a positive saturation curve, which gives higher yields, allowing the preheating of the fluid exiting the pump using the steam exiting the turbine, etc. However, it has a moderate potential for global warming as its main disadvantage.
For those reasons, the approach to the thermodynamic study of this fluid has been done differently from that illustrated in the previous section. In this case, we have analyzed the effect of inlet pressure and temperature to the turbine on the other parameters (efficiency, flow, net work and heat supplied to the evaporator) to an ORC with a fixed output gross power of 125 kWe and an IHX to preheat the liquid fluid from the pump with the output steam from turbine (see Fig. 1 ). Simulations considered a P2=2.5 bar and a condensing temperature of the working fluid (T3) of 39.7°C. In addition, the heat required for the evaporator ( e Q  ) does not take into account the efficiency for example from boiler and heat transfer in the heat exchanger. As in this analysis, the work produced by the turbine ( t W  ) was constant and equal to 125 kWe for all simulations, it can be stated that: keeping the condition of turbine discharge constant P2=2.5 bar and considering the fact that the work produced by the turbine is given by the eq. (2), and, supported by the Mollier diagram of this fluid (Fig. 7) , we see that, for any constant inlet temperature to the turbine (for example, T1=145°C), increasing the inlet pressure to the turbine (P1), the delta enthalpy, ∆h, increases from 30 kJ/kg to 42 kJ/kg (segment 1-2, red and blue colors of this Fig. 7 , respectively) and therefore, the mass flow ( m  ) necessarily decreases (for any of the three temperatures studied 90°C, 120°C and 145°C), as depicted in Fig. 8 and thus to maintain constant value of the work produced by the turbine. Likewise, as is shown in Fig. 9 , as inlet pressure increases in the turbine, it causes a decrease in the net work produced by the system (
), because for the turbine work to be constant with increasing pressure, the work consumed by the pump is increased for any of the three temperatures studied 90°C, 120°C and 145°C.
5.2.3. Influence of the inlet pressure to the turbine on the efficiency and the heat required in the cycle.
Similarly, and despite what was discussed above, the net work ( net W  ) always decreases with increasing inlet pressure to the turbine P1, system efficiency increases, as is shown in Fig. 10 . This occurs because increasing such pressure P1, as is seen in Fig. 10 , the amount of heat required in the evaporator decreases with a decreasing mass flow (Fig. 8) . This is produced because the mass needed to be heated/evaporated to maintain the work produced by the turbine constant is less with respect to its own net work.
The previous situation occurs until that by the own characteristics of this fluid, there is a specific value for the pressure (the optimum in efficiency terms), in which an increase of the variable P1 induces a negligible increase of ∆h (see Fig. 7 ), and therefore, a lower value of the mass flow, causing the heat from the evaporator to drop a little but with sufficient value to counteract the decrease in the net work and therefore maintaining the efficiency nearly constant. In this case, and according to Figs. 8 to 10, this optimum inlet pressure to the turbine is close to 20 bar for the temperature 145°C, 15 bar for the temperature 120°C and 10 bar for 90°C.
Conclusions
Based on the discussed in this paper, ORC technology seems to have an enormous potential with renewable energy sources such as biomass, solar and geothermal energy as well as waste heat from industrial processes or other cycle for transforming low temperature heat sources into electricity. However, the thermophysical properties, environmental impact, safety and stability as well as its availability and cost, play a critical role in the selection of the working fluid in these cycles.
Additionally, according to research carried out in this work, it can be concluded that using organic working fluids in Rankine cycles, relatively good efficiencies are obtained recovering and/or using heats of low/medium temperature to convert them into electricity. his doctoral thesis, on which this paper is based. In addition, the author expresses his special gratitude to 
